t is important to know the pathophysiological response of the heart to different types of stress such as ischemia or pressure/volume overload, 1 but it is difficult to investigate and comprehend because many substances are thought to be involved. In particular, in the cardiovascular field it is essential to know the precise molecular mechanisms of either cardiac injury or cardioprotection and because the genetic expression of proteins or enzymes in stressed hearts is believed to be responsible for the modulation of the levels of cardioactive substances, it is important to examine all of the genes expressed during ischemic stress. Recently, considerable amounts of cDNA were identified in the human and the mouse. Stanton et al 2 and Lyn et al 3 revealed an alteration in the pattern of gene expression in response to myocardial infarction using a novel clustering program in a rat model of old myocardial infarction. However, the rat or murine heart is too small to mimic precise pathophysiological conditions such as myocardial hibernation, coronary hypoperfusion or myocardial stunning. Indeed, because the oxygen supply from blood vessels is essential for the survival of tissues, and an insufficiency because of impaired blood vessels eventually causes tissue damage, it is important to examine which genes are expressed during the various events of myocardial ischemia to understand the cellular mechanisms of both ischemic injury and the cardioprotection afforded by ischemic preconditioning. Therefore, the constitution of the cDNA microarray in a large animal such as a dog is desirable and essential for combining the pathophysiological and molecular biological knowledge of the heart.
In this study, we focused on the development of highfidelity canine specific cDNA array panels from close-bred specific pathogen frec beagle dogs. For the validation of the usefulness of the cDNA microarray for canine hearts, we analyzed the expression profiles of myocardial genes following reversible and irreversible injury.
Methods
isolation System (Promega). Briefly cDNA was synthesized with MMLV-Reverse transferase and fractionated by gel filtration. We constructed 8 canine tissue cDNA libraries.
Cloning of Canine Cardiovascular Related Genes
We selected 57 genes that have been reported as involved in cardiovascular pathophysiology and 6 ubiquitous genes as internal controls (Table 1) . For the construction of the canine expression profiles of the cardiovascular-related genes, we cloned the fragments of canine cDNAs for spotting on slides as probes for expression analysis. These probes were all amplified by polymerase chain reaction (PCR) from the canine cDNA library from which was made the 8 mixed tissues. To obtain specific high-output hybridized signals, PCR primers were chosen to amplify the 3' side 500-1,000 bp fragments of the protein-coding regions so as to avoid high homology sequences with other proteins. Although most of the canine cDNA sequences for designing these PCR primers were available from public databases, several unknown canine cDNA fragments were amplified by designated primers from mouse and human sequences and all the amplified fragments were subcloned into pCR2.1 (Invitrogen) vectors and were confirmed as canine sequences.
Canine DNA Microarray
Each probe was re-amplified from these subcloned vectors using the same primers and was spotted from 96-well microtiter plates to CMT-GAPS amino-silane-coated slides (CORNING) using a GMS-417 arrayer (Genetic MicroSystems). After the printed arrays were incubated for 1 h at 37°C in a humidity chamber, they were crosslinked by UV 200 mJ/cm 2 . The slides were rinsed once in 0.2% sadium dodecy sulfate (SDS), twice in H2O, and once in blocking buffer for 20 min. The arrays were rinsed in H2O, submerged in H2O at 95°C, transferred into 95% ethanol, and stored in the dark until subsequent hybridization.
Preparation of Myocardial Tissues
Protocol 1 Five beagle dogs (Oriental Yeast, Tokyo, Japan) weighing 9-14 kg were prepared as described previously. 4 In the sham operation (control) group, we opened the chests of 2 dogs, performed bypass surgery, and removed the hearts 180 min after surgery. In the coronary hypoperfusion group (n=3), the coronary perfusion pressure (CPP) was reduced so that the coronary blood flow (CBF) was decreased to half that of the controls. The ischemic regions of the hearts were extracted 180 min after surgery and submerged in liquid nitrogen.
Protocol 2 Four beagle dogs were prepared as described in Protocol 1. In 2 dogs, ligation of the left anterior descending coronary artery was performed for 360 min, after which the hearts were reperfused for 30 min, removed and the center of the severely ischemic regions was pooled in liquid nitrogen.
Labeled cDNA Samples
Total RNA was prepared from each heart using TRIzol. Fluorescent-labeled cDNA samples were generated by reverse transcription of total RNA (50 g) in the presence of cyanine-3 (Cy-3) or cyanine-5 (Cy-5)-dUTP using Super Script™ II (Invitrogen).
Array Hybridization and Analysis
The arrays were prehybridized with prehybridization buffer (6 × standard saline citrate (SSC), 0.2% SDS, 5 × Denhardt's solution, 0.1 mg/ml salmon sperm DNA) for 2 h at room temperature. After washing with 2 × SSC, each pair of fluorescent-labeled cDNA sample probes was hybridized to the arrays for 15 h at 65°C. After the arrays were washed with washing buffer (2 × SSC, 0.2% SDS) at 55°C, the degree of hybridization was quantified by sequential excitation of the 2 fluorophores with a GMS-418 array scanner (Genetic MicroSystems). The results of the scanner were analyzed using Imagene™ (BioDiscovery, ver.3.0). Differential expression values are represented as the ratio of intensities. To assess the stability of the cDNAs on the slide, hybridization was performed immediately and at 7, 14 and 21 days after the slides were freshly blotted.
Results
We constructed the cDNA libraries from various canine tissues to clone canine genes spotted for the cDNA microarrays. All cDNA clones were obtained from canine cDNA libraries (Table 1 ). The average size of the cDNA clones was 582 (212-1,169) bp. The amplified cDNA was sequenced and was confirmed as canine DNA. These canine genes have 78-99% homology to human genes.
To assess the signal reproducibility of the array, we analyzed the hybridization of the same RNA extracted from control canine hearts with differently labeled probes using Cy-3 and Cy-5 (Fig 1). Fig 2 shows the blotted signal intensities of Cy-3 (X-axis) and Cy-5 (Y-axis) for the same blot. There was a close linear relationship of the signal intensities between the Cy-3 and Cy-5 labeled probes immediately or at 7 days after the construction of the arrays. However, the signal linearity was gradually lost using the 14-day-old and 21-day-old arrays. Taking this into consideration, we used only the freshly blotted arrays for the following experiments.
Arrays were probed in duplicate with fluorescent-labeled probes generated from the total RNA extracted from the canine myocardial tissues of the low flow or control groups (Fig 3) . The CPP decreased from 103+2 to 52+2 mmHg to obtain the 50% CBF reduction (CBF: 91+2 to 46+1 ml· 100 -1 · min -1 ). In the control group, CPP (102+1 mmHg) and CBF (92+2 ml·100 -1 ·min -1 ) did not change. Duplicate results were averaged, discordant or absent results were discarded entirely, and the remaining clones that had increased or decreased by 2-fold relative to control were considered differentially expressed. Six genes (ie, ecto-5'-nucleotidase, endothelin-1, plasminogen activator inhibitor-1 (PAI-1), AT1 receptor, AT2 receptor, protein kinase Cq) were up-regulated more than 4-fold compared with the control (Table 2) . Seven genes were up-regulated more than 3-fold compared with the controls, and 14 genes were upregulated more than 2-fold, as shown in Table 2 .
In contrast to the low-flow model, severe ischemia because of 100% reduction of CBF altered the expression of fewer genes ( Table 2 ). In the more severe ischemia, several genes for cardioprotective substances (ie, ecto-5'-nucleotidase, AT2 receptor and A2a receptor) were downregulated, and several genes for cardio-deleterious substances (ie, ET1, adenosine deaminase and PKCgamma) were up-regulated, although both endothelin-1 and PAI-1, which are thought to cause cardiac injury, were down-regulated. These unbalances between the levels of expression of the genes for cardioprotective and cardio-deleterious substances may contribute to the increased severity of myocardial injury when ischemia is prolonged.
Discussion
We first developed a high-fidelity canine cDNA microarray and used it to analyze the expression of 63 genes in reversible ischemic canine hearts. We also confirmed that physiological stimuli such as anesthesia or reversible ischemic injury modulate the expression of cardiovascularrelated genes, which suggests that the canine cDNA microarray can be used to identify molecular pathophysiological conditions of the heart. Although decreased CBF relative to myocardial oxygen demand is observed in patients with angina pectoris, this condition cannot be mimicked in mice or rats because the coronary artery of those animals is too small. When precise and accurate hemodynamic changes are required to mimic pathophysiological conditions in the clinical setting, canine hearts can be used to achieve accurate physiological and molecular biological data.
Because myocardial ischemia in rats or mice is induced by 100% ligation of the coronary artery, 5, 6 that model is different from the pathological state in human patients with angina pectoris. The gene expressions in ischemia induced by a 50% reduction of CBF, which is similar to human angina pectoris, have not been reported before. We have previously examined the gene expressions of the murine regional ischemic myocardium resulting from coronary ligation, 5, 6 but the genes expressed in the non-ischemic myocardium in the mice coronary ligation model are markedly different from those expressed in the substantial canine ischemic myocardium as revealed in the present study. Therefore, we are the first to show the gene expressions in ischemia induced by a 50% reduction in CBF and because the gene expressions are completely different when there is 100% or 50% ligation of the coronary arteries, there appears to be merit in using the canine DNA microarray for investigation of the physiological causeeffect relationship.
Reproducibility is important for the stable analysis of data and we confirmed excellent reproducibility at least for 7 days after the construction of the arrays; however, there was loss of reproducibility by 14 days and because this relative short life span is thought to be related to the character of the CMT-GAPS coated microglass plates, we may consider changing the microglass plates to prolong the life of the arrays.
The expression of approximately 50% of the genes was altered under ischemic conditions and some of the upregulated genes have been reported in our previous work. Indeed, we have already reported that ecto-5'-nucleotidase, which is the most up-regulated gene in this array, is upregulated in dogs. Interestingly, the up-regulation of endothelin-1 detected in the present study corresponds with the results of a previous report in human ventricular myocytes of patients with ischemic cardiomyopathy, but not idiopathic dilated caridomyopathy. 7 The down-regulation of hepatocyte growth factor (HGF) in this array does not concur with previous data that myocardial ischemia and reperfusion induce HGF expression in the rat heart, 8 but as the present system enables assessment of the relative extent of the increase in the expression of the genes, it may be able to estimate the relative importance of HGF in ischemic hearts. Furthermore, this system can be applied to other pathophysiological conditions, such as cardiac hypertrophy or cardiac failure, as well as for evaluating the effects of certain drugs on the gene expression of the heart.
Study Limitation
We spotted 57 ischemia-related genes and 6 control genes to the arrays, but as it is speculated that approximately 30,000 genes exist in the human genome, we need to develop up to 30,000 canine genes in the arrays. Nevertheless, the importance of the present study is in proposing the necessity of establishing the canine cDNA array system to better understand cardiovascular (patho) physiology from the viewpoint of molecular biology.
